Introduction
Hybrid materials are at the heart of today's science and technology. To match the ever-growing need of our modern society for tools addressing pressing issues regarding health, environment and toxicology, energy, and communication, advanced materials with enhanced properties are among the key enablers advancing all modern technologies. Hybrid materials in particular combine the advantages of two (or more) different materials, often drawing their strength from the synergistic combination of seemingly incompatible components. This yields advanced materials for virtually every field of modern society. Quite some of the designs of modern hybrid materials were either found in nature prior to fabricating their synthetic equivalents. Moreover, analogues of already existing synthetic materials were discovered after 1089 are involved in research on 2D materials, but their perspective and vision of how the field will develop in the future and how it is possible to benefit from these new developments are rooted in very different scientific subfields. The current article will thus present a personal, yet quite broad, account of how hybrid materials, specifically 2D hybrid materials, will provide means to aid modern societies in fields as different as healthcare and energy.
the synthetic hybrid materials had been developed. This illustrates a clear, although often unexpected, link between materials design in the biological and the technological worlds.
This link can be exploited for the development of advanced (multi)functional hybrid materials with application potential in virtually all fields relevant to a modern society. Examples include, but are not limited to, health (implants, drug delivery, surgical tools, etc.), energy (batteries, fuel cells, solar cells, water splitting, reflective or antireflective coatings, etc.), transportation (lightweight construction, antireflective coatings, low friction surfaces, etc.), or information technology (magnetic and optical data storage, information transfer, optical fibers, etc.). A previous review has categorized the application areas for polymer-inorganic supramolecular nanohybrids using a color code: red for nanohybrids related to the life science and healthcare sectors, white for energy and environmental applications, green for applications related to agriculture and food, and blue for aqua and marine applications. [1] Another recent review has highlighted possible synthetic strategies for 2D nanosheet-based hybrid materials and has specifically explored applications for energy and environmental technologies through lattice engineering techniques resulting in 2D platelet hybridization. [2] Additionally, several journals have published special issues dedicated to hybrid materials in a broader sense [3] or in a more specific manner such as application aspects specific to materials based on layered double hydroxides (LDHs). [4] The fact that several scientific journals have already assembled special issues on the applications of hybrid materials clearly illustrates the high interest these materials attract.
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Besides a widespread application potential, however, hybrid materials are very interesting and challenging from a fundamental point of view. For example, it is still difficult to (1) design a priori a hybrid material with a preprogrammed set of properties, (2) develop a complete vision of the countless numbers of possible hybridizations by 2D lattice engineering, or (3) comprehend the possibilities of a given pool of hybrid materials for transporting active ingredients. Another point, both fundamentally and technologically important, is the development of addressable materials, stimuli-responsive materials, and materials that respond to more than one change in the environment or materials that can perform mechanical work.
While clearly some interesting and promising materials have been developed, hybrid materials have only begun to make their way into the broader fields of science and technology. This is, for example, illustrated by the increasing number of international conferences on the topic, by the yearly increasing number of publications containing the term "hybrid materials", or by the increasing number of research groups devoting their activities to the subject.
The purpose of the current article is not to provide an exhaustive summary of existing hybrid materials or a complete overview of trends and new developments; rather it is a focused selection of some developments that the authors believe to be key for the further development of the field. Naturally, the selection of the articles and subjects cited here and the ideas developed throughout the article are biased by the authors' interests and backgrounds. One notable point is the focus on two-dimensional (2D) materials. This is not to say that only 2D materials are promising; the rather mundane explanation is that all authors have a significant interest in 2D materials. In the remainder of the essay, we will therefore discuss what we see as promising perspectives for the upcoming developments in functional 2D materials.
From Biology to Materials and Vice-Versa
Biominerals such as bones, teeth, and seashells are biological hybrid materials in which well-defined interactions between organic and mineral components lead to a hierarchical organization of inorganic nanoparticles with precisely controlled size, shape, and crystallinity.
[5] The structural precision of biominerals often leads to advanced physical (mechanical, [6] optical, [7] magnetic [8] ) properties tailor-made to their function. These remarkable products are a source of inspiration for many scientists, for their structure, their functionality, as well as for the way they are produced. Indeed, translating biological formation pathways into chemical strategies towards organic-inorganic hybrid and nanomaterials holds great promise for the development of "green" production routes to designer materials with advanced properties. [9] The best known example is the nacre of the mollusk shell (mother of pearl), which consists of a brick-and-mortar arrangement of aragonite (a polymorph of CaCO 3 ) and a biomolecular organic matrix. The organic matrix not only provides the nacre with the mechanical properties that make it stand out from the brittle aragonite platelets, the biological matrix also controls the nucleation and growth of the mineral, dictating the orientation of the crystals as well as their shape.
The organization and mechanical properties of nacre have inspired many scientists to emulate its structure through the formation of layered organic-inorganic composites from prefabricated components, in many cases with impressive properties. [10] However, these top-down assembly methods do not achieve the perfection observed in the natural material; hence understanding the secret of the bottom up self-assembly as used in biological systems may lead to improved control over structure and properties in synthetic hybrid materials.
As the mineralization process in nacre starts off with the oriented nucleation of calcium carbonate on a biopolymer surface, many efforts have been spent in understanding the interplay between the organic and inorganic components at the very early stages. Already in the 1980s Addadi and Weiner proposed that nucleation of calcium carbonate was induced on a surface consisting of a sulfated carbohydrate matrix acting as a calcium sponge within which an aspartic acid rich template exposing an ordered array of carboxylate groups directed the orientation of the crystals. [11] Many follow-up studies investigated the hard-soft interactions during the templating process using model systems such as Langmuir monolayers [12] and self-assembled monolayers (SAMs). [13] These studies showed that, although epitaxial relations between template and mineral may play a role, they are not a strict requirement, [14] and moreover that the mutual adaptation of template and mineral make it difficult to predict the outcome of the nucleation process. [15] Another important insight into biomineralization mechanisms was the realization that many biological crystals are formed through an amorphous precursor phase that was first deposited within the templating structure and molded into the desired shape before crystallization occurs. [16] This principle was soon exploited for the production of crystals with predesigned nonequilibrium morphologies, [17] while cryoTEM investigation of a mineralizing Langmuir monolayer demonstrated how structural information from a template could be used to direct the amorphous-to-crystalline transition to yield oriented crystals. [18] And, although macroscopically this transition occurs through a dissolution-reprecipitation mechanism, it was demonstrated that on a microscopic scale the conversion can occur through a direct solid-state transformation, [19] as is also suggested for biological systems. [20] Recently, liquid-phase TEM -which allows the visualization of the dynamic interplay between organic and inorganic components in real time and with nanometer resolution -was used to probe the role of sulfated biomacromolecules using sulfonated polystyrene as a model system. [21] This study revealed the role of the polymeric "ion sponge" in controlling nucleation such that amorphous material rather than one of the crystalline polymorphs is formed.
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Similar hypotheses have been proposed by several other studies. [22] With inspiration from biomineralization, organic-inorganic interactions at interfaces have been explored for the formation of 2D hybrids based on other biominerals such as calcium phosphate [23] or magnetite, [24] but also many studies have extended this approach to controlling the formation of typical engineering materials such as CdS, ZnS, PbS, CdSe, TiO 2 , as well as Au, Ag, and Pt nanoparticles. [25] In particular, from an application point of view it is interesting to point out that the formation of ordered assemblies of crystals with near-uniform sizes, shapes, and orientation as observed in the prismatic layer of the mollusk shell does not require a very precise templating structure. [26] Rather, these well-defined crystal assemblies are formed in a minimalistic approach in which uniformity results from competition driven by thermodynamic principles and which would relax the requirements for the bioinspired synthesis of advanced 2D hybrid materials. [27] In addition to the growth of 2D materials by several organisms, we can point out that 2D minerals are now thought to have possibly played a key role in the development of organisms in the early life evolution period. So the clays, a large class of 2D minerals, provided high fidelity of preservation of microfossils over billion years. [28] This remarkable preservation stems from the intrinsic stability and adsorption properties of clays combined with microbial metabolisms helping catalysis of a wide range of aluminosilicates. In fact, the clays are widespread on the earth and they act as natural ion exchangers in a wide pH range. Their ability to adsorb multiple molecules, thus confined in the interlamellar space, and their catalytic properties make them microreactors of choice for prebiotic chemistry. Series of prebiotic synthons such as amino acids, oligopepetides, or oligonucleotides have been synthetized in the presence of clays. [29] [30] [31] Clays were also shown to catalyze RNA polymerization and favor the formation fatty acid vesicles used as protocell models.
[32] Yet, the issue remains that biomolecules were most likely diluted in oceans, rivers, or lakes. Hence, in the absence of confinement by cell membranes, as observed in contemporary life, appropriate systems should form to provide concentration of solutes, confinement for biochemical reactions, and stability under environmental conditions. The recent work by Luo et al. [33] indicates that clays can form hydrogels in ocean water, thanks to peculiar electric charge distribution throughout the clay nanoplatelet particles. Moreover, their data shows that RNA is efficiently protected and RNA synthesis is enhanced by the clay hydrogel environment. Although still controversial, these studies demonstrate that clay-based bioinorganic hybrid systems organized in hydrogels constitute plausible reaction media for early life evolution, thanks to synergy between components.
The return of synthetic materials toward biology mostly involves the general field of health. Probably one of the best known examples pioneered by Choy's group concerns the possibility to incorporate nucleotides including DNA in between LDH nanosheets and form some kind of vehicle that 
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protects the living macromolecule from catalytic and thermal degradation. [34] To explain such structural compatibility, the conformation of DNA was found to match the interlayer topology with the phosphate backbone groups aligned with aluminum lattice positions. [35] Once again, the enhanced stability supplied by the organoceramic material is surmised to have played a key role in prebiotic evolution when the earliest life forms were exposed to harsh thermal conditions.
Largely extended for various applications, which includes drug delivery for gene therapy, such a container may also be used for astringent properties in patch or in body cream or as taste-masking as for ibuprofen. [36] The trend is to develop new ways in drug "self-delivery" (mostly triggered by pH) in physiologic medium; this concerns all fields of human health covering anti-inflammatory, antalgic, antitumor, etc. agents. [37] Very elegant approaches have been recently described showing excellent anticancer performance in photodynamic therapy using a supramolecular photosensitizer fabricated by the incorporation of zinc phthalocyanines (ZnPc) into the galleries of LDHs. [38] This is due to a high singlet oxygen production efficiency that was already shown for hybrid LDHs using porphyrin-based molecules. [39] Other significant breakthroughs in using LDHs as advanced drug-delivery nanomaterials with a high biocompatibility have recently demonstrated their feasibility as a nanocarrier injectable directly into blood. [40] In addition to the inertness of LDH nanomaterials in the blood plasma, resulting in an interesting hematocompatibility for further development, such nanovehicles may overcome the drawback of active ingredients such as the chemotherapeutic agent methotrexate (MTX), limited by its short plasma half-life and its subsequent high dosage required for cancer cell suppression. [41] The MTX-LDH nanohybrid exhibited a superior targeting effect resulting in high antitumor efficacy compared to MTX alone, as well as a superior efficacy profile in inhibiting tumor proliferation and in provoking the induction of apoptosis, thus resulting in significant survival benefits. Importantly MTX-LDH nanocarriers did not accumulate in any specific tissue nor cause acute toxicity, underlining their great potential as an anticancer drug with enhanced in vivo antitumor activity and bioavailability in target tumor tissue along with reduced side effects. [42] 
From Geology to Materials
As modern science and society are strongly biology-and health-driven, one occasionally forgets that besides the living nature there is also the vast world of geological species that often have equally interesting properties. Examples include zeolites, clays, or double hydroxides, all of which now exist as geological samples, but have also been made in the laboratory. The laboratory is, in fact, sometimes the "more versatile nature" in the sense that synthetic approaches enable the synthesis of new compounds that do not exist in nature, for example in the field of zeolites or LDHs. This is largely illustrated by the polymer nanocomposite (PN) field, where nanofillers try to endow the polymer with enhanced properties thus rendering it possibly multifunctional. In contrast to the microcomposite, the benefit of PNs resides in the highly pronounced interface that is permitted by manipulating single platelets. Such engineering 2D nanotechnology may be used for further hybridization between nano building blocks to lead to interesting features in the domain of energy and optoelectronics (see below). As far as PNs are concerned, very specific properties should be integrated to respond both to the restriction in chemicals regarding toxicity and to the sustainability preferring the biosourced polymer over that from fossil extraction. Straightforward properties such as polymer protection from oxidation (using UV-stabilizers and radicals scavengers) are probably by now in the technological step unless synergistic effects may be found with the container. Regarding toxicity, the replacement of, for instance, brome-reducing flame (BRF) and chromate agents prompts new developments where 2D hybrid materials may play a key role as filler due to their barrier effect coming not only from their structural anisotropy but also from their cargo effect. This is exemplified by flame retardant PNs using LDH in replacement of BRF [43] and by corrosion inhibitors placed into the polymer coating to protect metal substrate. [44] Fillers usually endow properties to the polymer, but the opposite is also true. Using self-assembly of triple building blocks, LDH nanoplatelets, polyvinyl alcohol (PVA), and quantum dots (QDs: CdTe or CdSe/ZnS), flexible films were fabricated that were found to be highly luminescent (strong fluorescence and high fluorescence quantum yield) with finely tunable fluorescence (green, yellow, orange, and red) as well as a high photo-and thermostability. [45] 
Energy Conversion Devices and Functional Materials
Thanks to great efforts in fabricating nanosheets as building blocks, new developments have been recently launched. For instance, recent studies regarding the preparation of LDH nanosheets through topotactic and/or topochemical reactions permit us now to envision new building strategies such as electrostatically derived reassembling, layer-by-layer deposition, crystal growth on the surface sites of nanosheets (nanofilms), as well as the mixing of an endless number of other structural blocks to yield hybridization, core-shell nanoarchitectures, or possible staging phenomena. [46, 47] These 2D nanohybrid materials are investigated for some of today's needs regarding energy as supercapacitors, water splitting for fuel cells, as well as other modern applications regarding optical and magnetic properties.
For instance when graphene [48] or carbon nanotubes [49] are mixed with LDH nanosheets to yield a so-called molecular-scale heteroassembly, high performance supercapacitors are obtained combining both high capacity and high 
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power rate. In the case of 2D/2D heterostructure, this is explained by the heterostacking of redoxable LDH nanosheets and conductive graphene into a genuine superlattice structure that, as a consequence, improves the charge transfer efficiency, while for the 1D/2D, a quasi-3D architecture is obtained, displaying well-defined core-shell configuration and enlarged surface area. A novel hierarchical and submicroscopic structure combining a 3D template and a LDH yields also great pseudocapacitance properties. [50] Hollow LDH nanopolyhedra were synthesized with zeolitic imidazolate framework-67 (ZIF-67) nanocrystals as templates. The nanocages inherit the rhombic dodecahedral shape of the ZIF-67 templates, and the shell was found to be composed of nanosheets assembled with an edge-to-face stacking resulting in LDH nonspherical structure. Aside from the hybridization and the mixing with electrical percolates, another concept consists of producing an intimate mixture from a 2D LDH hybrid assembly by carbonization where the collapse of the inorganic moiety may play the role of porous agent for the carbon replica after acid leaching or may remain partly to supply an additional pseudocapacity. [51] A single layer of nanosheets is of interest in the oxygen evolution reaction, a key reaction in water splitting. [52] More active sites and improved electronic conductivity were demonstrated for Ni/Fe and Ni/Co LDH nanosheets, outperforming a commercial iridium dioxide catalyst in both activity and stability. In that same vein, improved chemical stability of photocatalysts is achieved when combining other heterostacking of nanohybrid materials composed of an ordered mesoporous assembly fabricated by a layer-bylayer method between Zn/Cr LDH and layered titanium oxide. [53] Zn/Cr was reported as one of the most efficient photocatalysts for visible light water splitting (oxygen generation), due to its high quantum yield (incident photonto-oxygen conversion efficiency at a given wavelength). [54] Additionally the interstratification maintains the excellent photocatalytic activity for visible-light-induced O 2 generation; this in association with an electronic coupling between the component nanosheets and a protection of the LDH lattice by layered titanate. Enhanced photoelectrochemical water splitting was also reported for a hybridization using an aligned hierarchical nanoarray containing a ZnO core and a LDH nanoplatelet shell synthesized by a facile electrosynthesis method. [55] The capability to exfoliate and restack nanosheets offered by LDH was also exploited to provide original synthetic multiproperty materials. [56] Since then, LDHs incorporating photochromic molecules (such as azobenzene) were found to exhibit interesting photomagnetic or thermomagnetic properties resulting in stimuli-responsive hybrid materials. [57] www.eurjic.org ESSAY Other hydroxide minerals, layered single hydroxides (LSHs), exhibit a Brucite-like structure of the metal hydroxide nanosheets very similar to that of LDHs. However, in contrast to LDHs, the nanosheets contain only divalent metals, and the counteranions are not "free" in the interlamellar space but participate in the coordination of the metal together with hydroxide ions. Small structural variations may occur, essentially because of the necessary adaptation of the molecular area of each metal ion to the molecular area of the grafted anions or to the formation of tetrahedral sites. [58] Among these minerals, Cu II derivatives are particularly under focus due to their peculiar magnetic behavior, like the Kapellasite α-Cu 3 Zn(OH) 6 (Cl) 2 , the Haydeeite, α-Cu 3 Mg(OH) 6 Cl 2 or Cu 3 Cd(OH) 6 (NO 3 ) 2 , for instance. [59] Instead of lying in the Cu II plane, nonmagnetic ions can be found in the octahedral site between two Cu II layers. This leads to a triple-deck architecture like that in the Hebertsmithite Cu 3 Zn(OH) 6 (Cl) 2 or in (Mg x Cu 1-x )Cu 3 (OH) 6 (Cl) 2 . [60] In all compounds, the magnetic ions form a Kagomé network, providing real examples of quantum Kagomé antiferromagnetic systems, which are expected to show nonconventional Néel order and are good candidates for the formation of the resonating valence bond (RVB) state at low temperatures.
Despite the coordination of the counteranions (nitrates, acetates, sulfates, chlorides, ...) to the metal sheets, LSHs exhibit, like LDHs, anion exchange properties. The hybridization of LSHs was thoroughly investigated, especially to tune the magnetic interactions within and between the metal hydroxide layers. Series of model compounds were obtained, allowing for comprehensive understanding of the role of interlamellar distance, structural deformation, presence of saturated or conjugated interlamellar bridges (π electrons), anisotropy or substitution of simple counteranions by metal complexes onto the magnetic properties of 2D systems in general. [61] New multiproperty hybrid systems were also obtained combining magnetic and optical properties including magneto-optical compounds, [62] photomagnetic compounds, [63] and magnetochiral materials. [64] All studies on magnetic, optical, conducting 2D hybrid systems highlight the importance of the interface between components on the control of the properties and the possible existence of synergy between properties.
Perspectives
It is our belief that 2D hybrid materials will continue to match challenges in terms of the needs of our modern society and the requirement for sustainable development. This can already be seen in different domains concerning health, where inorganic-organic supramolecular architectures show anticancer behavior and are increasingly designed for stimuli-driven and/or theranostic approaches to limit high dosage associated with side-effects. Such multifunctionality (detection and therapy) may be tuned to respond to energy and comfort as in the development of solar 
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energy harvesters (photosensitizers), photocatalysts, electrode materials, and other conversion devices to overcome the "fast-advancing" problem of rarefaction (as for Pt, Ir, Ru, and rare-earth elements among them) as well as to avoid toxic chemicals. Recent hybridization is opening a large range of possibilities. 1D, 2D, and 3D/2D hybridizations yield better performance, as exemplified in energy and water splitting or in the general field of bioinspired materials. Multiple possible combinations suggest that only a part of the iceberg is today uncovered for alternative 2D materials as mentioned in a review article. [65] As far as scale-up is now concerned, "gravel to grave" environmental impact should be considered and the associated life cycle assessment (LCA) should be measured. An idea is to limit fossil resources, but not at the price of reducing the material properties. In that sense, it is known that organic-inorganic hybrid materials may present synergistic effects, i.e. Guest [Host] Ͼ Guest + Host, but also in the PN domain, i.e. Filler [Polymer] ϾϾ Polymer, and this can be used to make the biosource polymer as relevant as the thermoplastic obtained from a fossil source. [66] Another big challenge for an eco-friendly development is to limit CO 2 impact. By mineralizing atmospheric CO 2 , 2D materials may partially contribute, but probably regarding the massive production coming from cement and fossil extraction (shale gas), other solutions should be explored.
In another field, molecular electronics is steadily growing in recent years. Here we find the interface issues that are characteristic of hybrid materials. [67] Especially if one considers the recent work on multilayer magnetoresistive devices, there is a significant breakthrough with heterostructures including molecular semiconductor layers (organic or organometallic) used as a tunnel barrier between magnetic electrodes. [68] Such systems seem promising to improve devices for spin electronics. So far, the molecular layers use very simple molecules, usually commercial, but we can predict the development of ad hoc molecules in the near future.
